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Abstract
We wish to understand how the trajectories of the twenty pharyngeal neurons of C. elegans are established. In this study we focused on
the two bilateral M2 pharyngeal motorneurons, which each have their cell body located in the posterior bulb and send one axon through
the isthmus and into the metacorpus. We used a GFP reporter to visualize these neurons in cell-autonomous and cell-non-autonomous axon
guidance mutant backgrounds, as well as other mutant classes. Our main findings are: 1) Mutants with impaired growth cone functions, such
as unc-6, unc-51, unc-73 and sax-3, often exhibit abnormal terminations and inappropriate trajectories at the distal ends of the M2 axons,
i.e. within the metacorpus; and 2) Growth cone function mutants never exhibit abnormalities in the proximal part of the M2 neuron
trajectories, i.e. between the cell body and the metacorpus. Our results suggest that the proximal and distal trajectories are established using
distinct mechanisms, including a growth cone-independent process to establish the proximal trajectory. We isolated five novel mutants in
a screen for worms exhibiting abnormal morphology of the M2 neurons. These mutants define a new gene class designated mnm (M neuron
morphology abnormal).
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Axon trajectories are usually established by specialized
structures at their growing ends, the growth cones, that
sense the molecular environment and interpret guidance
cues so as to migrate along the correct paths (Dickson,
2002). The cytoskeleton of the growth cone is either stabi-
lized or destabilized as receptors respond to extracellular
cues that are attractive or repulsive, and which act at close
range (direct contact with the source of the cue) or at a
distance (in the case of diffusible molecules). Many of the
receptors and ligands that guide growth cones, as well as
several cytoskeletal regulatory proteins, have been identi-
fied by cloning the genes that, when mutated, cause axon
trajectory defects in Drosophila and C. elegans. Several
excellent reviews on the molecular basis of growth cone
function are available (Dickson, 2002; Mueller, 1999;
Tessier-Lavigne and Goodman, 1996; Yu and Bargmann,
2001).
While many of the concepts underlying growth cone
function are now known, it seems likely that many more
genes regulating the establishment of axon trajectories re-
main to be identified. We decided to look for such genes by
studying how the pharyngeal neurons of C. elegans estab-
lish their trajectories. Two previously published observa-
tions prompted this investigation: 1) The pharyngeal neu-
rons are special in that they innervate an organ that develops
via the morphogenesis of a primordium of undifferentiated
cells and without cell divisions (Portereiko and Mango,
2001; Sulston et al., 1983); and 2) The pharyngeal neurons
have intricate shapes that are embedded within folds of
muscle cells, in contrast to the simpler trajectories of most
body neurons which are generally sandwiched between a
basal lamina and epidermal cells (Albertson and Thomson,
1976). Indeed, there appears to be no proper basal lamina
within the C. elegans pharynx, although the organ itself is
surrounded by one (Graham et al., 1997).
In a variety of organisms, organs often emerge from a
primordium, a distinct group of cells that develops essen-
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tially independently from the rest of the organism to give
rise to mature structures, mostly via morphogenesis. A clear
example of this phenomenon is the C. elegans pharynx,
which begins as a ball of cells originating from various
cellular lineages and known as the pharyngeal primordium
(Portereiko and Mango, 2001; Sulston et al., 1983). This
primordium is surrounded by a basal lamina and is molec-
ularly distinguished by the observation that all its constitu-
ent cells share a common pharyngeal identity specified by
the expression of the forkhead gene pha-4 (Gaudet and
Mango, 2002). The pharynx forms through morphogenetic
events that cause the spherical primordium to elongate and
acquire a tubular shape containing two muscular bulbs sep-
arated by an isthmus, and an anterior procorpus (Portereiko
and Mango, 2001). This organ is self-contained within an
epidermal sheath and is composed of sixty-two cells, in-
cluding twenty muscle cells (eighteen of which are binucle-
ate) and twenty neurons that are all present in undifferen-
tiated form within the primordium (Albertson and
Thomson, 1976; Sulston et al., 1983). A detailed anatomy of
the adult C. elegans pharynx has been reconstructed from
electron micrographs of serial sections (Albertson and
Thomson, 1976).
The pharynx is located at the anterior end of the worm
and its primary function is to rhythmically pump and grind
bacterial suspensions and then inject them into the intestine.
Though not essential for muscular activity, the twenty pha-
ryngeal neurons are thought to regulate the rhythmic con-
tractions (Avery, 1993b; Avery and Horvitz, 1989). Inter-
estingly, several of the pharyngeal neurons can be laser
ablated without any visible effect on pharyngeal function.
For example, ablation of the M2 motorneurons, which have
their cell bodies in the posterior bulb and send one axon into
the metacorpus (Fig.1), has no detectable effect on pharyn-
geal function (Avery, 1993b; Avery and Horvitz, 1989).
The non-essential nature of the M2 neurons constitutes a
potential advantage for a mutant screen where defects, even
severe ones, restricted to the M2 neurons should always
produce viable animals.
The pharyngeal nervous system is organized into four
general structures: two subventral nerve cords, one dorsal
nerve cord and one circular pharyngeal nerve ring located
within the posterior half of the metacorpus and to which 12
neurons contribute processes (Albertson and Thomson,
1976). An intriguing feature of the pharyngeal neurons is
that their axons project within folds of muscle cells and so
must receive guidance cues from the muscle cell surfaces
rather than from epidermal cells or basal lamina, as is the
case for the body neurons (Fig. 1). How do the pharyngeal
neurons establish their trajectories within muscle folds? Do
they take advantage of instructive interactions between cells
that are neighbors within the primordium, but widely sep-
arated in the mature pharynx? What role do growth cones
play in the pharynx? What guidance cues are used in an
environment without basal lamina or epidermal cells?
In this report we have made use of a GFP reporter
(pRIC-19::GFP; (Pilon et al., 2000)) to visualize the M2
pharyngeal neurons in vivo and study the genetic pathways
that regulates the trajectories of their axons. Our findings
show that the straight proximal trajectory, between the cell
body and the metacorpus, does not depend on growth cones
function genes for its establishment. Functional growth
cones are however critical for the distal ends to form within
the metacorpus, indicating that at least two mechanisms
regulate the formation of the complete M2 trajectory. We
have also isolated five new mutants that affect the trajectory
of the M2 neurons. These mutants define a new gene class
designated mnm (M neuron morphology abnormal). Map-
ping of these five mutations indicates that they are likely to
affect novel axon guidance/morphogenesis molecules.
Materials and methods
Nematode strains and culturing
General methods for the culture, manipulation, and ge-
netics of C. elegans were as described (Sulston and
Hodgkin, 1988). The wild-type parent for all strains was C.
elegans variety Bristol, strain N2 (Brenner, 1974). All
strains were cultured at 20°C. The following mutations and
integrated sequences were used in this study:
Linkage group (LG) I: mab-20(bx24), phm-2(ad597),
smp-1(ev715), smp-2(ev709), unc-13(e450), unc-40(e271),
unc-73(e936), unc-101(m1), unc-104(rh1016).
LG II: plx-2(ev773), vab-1(dx31).
LG III: dpy-1(e1), dpy-17(e164), dpy-18(e364),
etIs2(pRF4 pRIC-19::GFP), mnm-1(et1), mnm-5(et5), unc-
32(e189), unc-64(e246), unc-69(e587), unc-119(e2498).
LG IV: efn-2(ev658), etIs1(pRF4 pRIC-19::GFP), pha-
3(ad607), plx-1(ev724), unc-5(e53), unc-119(e2498), unc-
129(ev554).
LG V: dpy-11(e224), lon-3(2175), mnm-3(et3), mnm-
4(et4), unc-39(e257), unc-41(e268), unc-46(e177), unc-
51(e369), unc-51(et5), unc-60(e723), unc-62(e644), unc-
76(e911).
LG X: dpy-6(e14), dpy-7(e88), dpy-23(e840), efn-
3(ev696), egl-15(n484), fax-1(gm83), lon- 2(e678), mig-8
(rh50), mnm-2(et2), pha-2(ad472), sax-3(ky123), slt-
1(eh15), unc-6(ev400), unc-115(e2225).
Generation of strains carrying pRIC-19::GFP
C. elegans transformation was carried out with the use of
methods described by Mello and Fire (Mello and Fire,
1995). Hermaphrodites of strain N2 were injected with a
DNA mixture containing 50 g/m1 plasmid pRF4, which
carries the transformation marker rol-6 (su1006dm) (Mello
et al., 1991), and 50 g/m1 plasmid pRIC-19::GFP, which
expresses the RIC-19 protein fused to GFP from the native
ric-19 promoter (Pilon et al., 2000). A transgenic line car-
rying the microinjected DNA on extrachromosomal arrays
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was established from F2 Rol progeny of injected animals,
and L4 progeny from this strain were subsequently -irra-
diated (3 000 rads) to induce integration of the array. The F2
progeny of irradiated animals were screened for 100%
transmission of the rol-6 marker over several generations
and 5 outcrosses to N2 to generate the strains QC5
(etIs1[pRF4 pRIC-19::GFP] IV) and QC6 (etIs2[pRF4
pRIC-19::GFP] III). etIs1 or etIs2 were introduced into
various mutant genetic backgrounds by crossing males with
mutant animals, and isolating F2 animals (based on pheno-
type) that were homozygous for the mutations and for the
integrated array (based on 100% transmission of the trans-
gene as assessed by GFP expression).
Screen for M neuron morphology abnormal (mnm)
mutants
On day 1, animals of the QC6 strain were mutagenized
for 4 hours by incubation in the presence of 0.5% ethyl
methane sulfonate (EMS) according to the standard protocol
(Sulston and Hodgkin, 1988). Following mutagenesis, the
worms were washed then placed on a culture dish. Two
hours later, vigorous hermaphrodite L4 animals were placed
as groups of five per 9-cm culture plate. On days 4 and 5, 80
F1 progeny of the L2 or L3 stages were picked and each
individually placed on a 35-mm culture dish and cultured at
15°C or 20°C. For each F1 that was picked, approximately
20 F2 progeny were screened for individuals with abnormal
M2 neuron trajectories on days 9 to 13. Screening was done
by mounting F2 animals on microscopy slides in the pres-
ence of levamisole and observing the M2 neurons under
magnifications of 400 or 1 000 (see below). Candidate
mutants were recovered by sliding away the coverslip with
the help of a scalpel blade, then picking the worms with a
platinum wire (worm pick) and transferring them individu-
ally to culture plates. In total, more than 2 500 mutagenized
haploid genomes were screened (assuming 2 mutagenized
genome per F1). The progeny of candidate mutants were
again scored to confirm that the phenotype was transmissi-
ble. We isolated six mutants and these were outcrossed at
least 5 times onto N2 or QC6 background prior to charac-
terization. One of the isolated mutants was found to be an
allele of unc-51. The other mutants seemed to affect novel
genes and were named mnm-1 through mnm-5 (mnm stands
for M neuron morphology abnormal). The mnm mutants
were mapped using conventional markers.
Phenotypic scoring and documentation
Animals carrying the etIs1 or etIs2 transgene were
mounted on 2% agarose pads, paralyzed with a small drop
of 100 mM levamisole and covered with a coverslip. M2
pharyngeal axon trajectories were made visible by their
expression of the pRIC-19::GFP transgene and were exam-
ined at 400 or 1 000 magnification using a Leica DML
or a Zeiss Axioplan compound microscope equipped with a
FITC filter set used with excitation 450–490 nm. Both M2
neurons from a given animal were scored and the data for
each animal retained separately, although no effort was
made to ascertain whether a left or right M2 neuron was
being scored. The position of the cell body, and the length
and trajectory of the axon was noted for each M2 neuron
using a scoring sheet that included the following categories:
wild-type (taking particular note of the proper connection of
the distal ends of the two M2 axons at the midline), trun-
cated proximal end (i.e. the axon was truncated between the
posterior bulb and the metacorpus), truncated distal end (i.e.
the axon was truncated within the metacorpus), ipsilateral
outgrowth (the axon formed an abnormal trajectory in the
metacorpus but stayed within its proper side), contralateral
outgrowth (the axon formed an abnormal trajectory in the
metacorpus and strayed into the opposite half), cell body in
metacorpus, cell body in isthmus, posterior outgrowth (an
axon grew from the cell body and posteriorly within the
terminal bulb), others (rarer cases of abnormalities were
individually described as they occurred).
Results
pRIC-19::GFP allows visualization of the M2 neurons
From electron microscopy reconstructions it is known
that the two bilateral M2 pharyngeal neurons have their cell
body in the posterior bulb, and that each sends one branch
that travels straight through the isthmus (along with four
other neuronal processes in each of the pharyngeal subven-
tral nerve cords) and into the metacorpus where they travel
beyond the pharyngeal nerve ring, dorsally then towards the
pharyngeal midline where they end in gap junctions with
each other (Albertson and Thomson, 1976). As shown in
Fig. 2, the integrated pRIC-19::GFP reporter is expressed at
high levels in the M2 neurons and, by focusing through
Fig. 1. Cartoon rendition of the pharyngeal vs. body neuron environment. Panel A depicts the overall shape of the C. elegans pharynx and indicates the name
of several substructures within that organ. Also shown in panel A is the trajectory of the left M2 neuron (in red). Note that the cell body of M2 is located
in the posterior bulb. The left M2 axon extends anteriorly through the left subventral muscle m5 cell which forms part of the isthmus, then into the left
subventral cell m4, which forms part of the metacorpus. After projecting directly through the pharyngeal nerve ring within the metacorpus, the left M2 neuron
projects laterally towards the left side of the animal then dorsally into the dorsal m4 muscle cell in which it then projects laterally towards the midline where
it forms a gap junction with the right M2 neuron which follows a mirror image trajectory. Panel B shows the relative positions of body muscles, epidermal
cells and neurons within a mid-body cross section. Note that body neurons are sandwiched between epidermal cells and a basal lamina secreted by the
epidermal cells. Panel C shows the relative positions of pharyngeal muscle, marginal cells, epidermal cells, basal lamina, and neurons within a pharyngeal
cross-section. Note that in the pharynx, the neurons project as nerve cords within folds of the pharyngeal muscle cells, which is different from the tissue
relationships found in the body of the worm.
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various planes, it is relatively easy to trace the entire tra-
jectory of each M2 neuron. Fig. 2 also shows the back-
ground originating from neurons of the head ganglion,
which individually express comparatively low levels of
pRIC-19::GFP in their cell bodies but which, collectively,
create a bright halo surrounding the pharynx. In practice, the
fluorescence emanating from the head ganglion is not a
serious problem when scoring the M2 neurons since the
pharynx itself provides a dark background against which the
M2 trajectories are usually quite distinct.
We have noticed that the M2 neurons visualized with the
pRIC-19::GFP reporter exhibit several (12–15) varicosi-
ties within that portion of the trajectory which goes through
the isthmus, where M2 forms several synapses with the m5
muscle cell through which it projects (Albertson and Thom-
son, 1976). To determine if the varicosities indeed represent
neuromuscular junctions, we introduced the etIs2 integrated
array into the unc-104 mutant background in which the
synapse size and axon diameter are much reduced due to a
defect in transport of synaptic vesicles to the active zone
(Hall and Hedgecock, 1991; Tomishige et al., 2002). This
study showed that all varicosities disappeared from the M2
neurons when the pRIC-19::GFP transgene is introduced in
the unc-104 background, indicating that the varicosities
indeed are neuromuscular junctions (Fig. 2). While it is
possible that the varicosities are brighter merely by virtue of
constituting thickenings of the axon, it is also possible that
the pRIC-19::GFP fusion protein is itself enriched at the
neuromuscular junctions, which would be consistent with
the postulated role of the RIC-19 protein in neurotransmis-
sion (Pilon et al., 2000).
Time-course study of pRIC-19::GFP expression in the
pharynx
Fig. 3 shows the pRIC-19::GFP expression profile at
various stages of development. The earliest signs of expres-
sion are at approximately 450 min of development, when
the pharynx primordium has already elongated and begun to
form the two muscular bulbs. At this stage and until late in
embryogenesis, expression of the pRIC-19::GFP reporter is
present in one unidentified unbranched cell within the meta-
corpus. This cell may be MS.paapaap, the sister cell of M1
(M1 is the only other pharyngeal cell besides the M2’s that
expresses the pRIC-19::GFP reporter in the adult, as de-
scribed below). Consistent with the disappearance of the
GFP- positive cell in the metacorpus in late L1, MS.paapaap
is a cell programmed to undergo apoptosis during develop-
ment (Sulston et al., 1983). Other unique cells located in the
metacorpus are the motor neuron M4, the interneuron I3,
and the motor-interneuron MI. The three-fold stage is the
earliest stage where the M2 axons can be unambiguously
visualized using our pRIC-19::GFP reporter. By this stage,
they have already established the proximal straight trajec-
tory between the cell body and the metacorpus, as well as
completed their distal trajectories within the metacorpus.
Thus, the pRIC-19::GFP reporter cannot be used to monitor
the formation of the M2 trajectories, but only to examine the
end result. At the three-fold stage, the motorneurons M1
also express considerable levels of the pRIC- 19::GFP re-
porter but during late embryogenesis and beyond the L1
larval stage, expression level remains high only in the M2
cell, fades away completely in the unidentified pharyngeal
cell located in the metacorpus, and retains only weak ex-
pression in the cell M1.
Mutations that impair growth cone functions affect the
distal ends of the M2 axons, but not the proximal
trajectory
The trajectories of most axons are established as a result
of axon elongation behind pathfinding growth cones. Sev-
eral mutations are known that impair the ability of growth
cones to regulate their cytoskeleton or membrane dynamics
such that their pathfinding and motility functions are im-
paired. If the M2 neurons depend on growth cones to es-
tablish proper trajectories, we predicted that their trajecto-
ries should be affected by mutations that impair growth
cone functions. We have indeed found this to be the case:
the distal ends of the M2 neurons, i.e. that portion of the M2
axon located within the metacorpus, often exhibited abnor-
mal trajectories or truncations in the growth cone mutants
unc-51 and unc-73, and to a lesser extent, also in the unc-41
mutant (Fig. 4; Table 1). unc-73 is a Db1 homology Rac-
GTP exchange factor which is important for all Rac path-
ways in axon pathfinding, and hence expected to disrupt
most growth cone navigation (Lundqvist et al., 2001; Steven
et al., 1998). unc-51 is a serine threonine kinase involved in
membrane dynamics and mutants exhibits severe growth
cone defects (Ogura et al., 1994). Our results indicate that
the distal trajectories of the M2 neurons within the meta-
corpus are established in a growth cone-dependent manner.
Surprisingly however, we have never observed defects in
the straight M2 proximal trajectory; when the M2 cell body
Fig. 2. pRIC-19::GFP expression pattern in the head region. Panel A is a Normaski view of the head of an adult C. elegans transgenic for the etls2 integrated
array. The main structures of the pharynx have been indicated. Panel B shows the GFP expression profile of the animal shown in panel A. Note how the GFP
expression levels are high enough in the M2 cells so that these can be distinguished above the high fluorescence levels originating from the neurons of the
head ganglion where the pRIC-19::GFP is expressed at low levels in individual neurons. Note that only one M2 projection is in focus throughout most of
its length in this image. The arrowheads point to varicosities that correspond to neuromuscular junctions along the proximal trajectory of the M2 axon, where
it innervates the muscle cell m5. Panel C shows the etls2 expression profile in a unc-104 animal in which the axon diameters and synapse sizes are much
reduced (note the absence of varicosities). Panel D is a diagram representing the full trajectories of the M2 neurons as established from focusing through
several planes of focus while taking note of the positions of these cells.
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was properly located within the posterior bulb, it never
failed to produced a straight proximal trajectory reaching at
least up to the metacorpus. Taken together, these results
suggest that the proximal trajectory of the M2 neurons, i.e.
the straight projection from the cell body through the isth-
mus and into the metacorpus, is established via a growth
cone-independent mechanism.
In the unc-51 mutant background, we also observed
bright GFP bulges or beads at the distal ends of the abnor-
mal M2 trajectories. We suspect that these are residual
structures generated by stalling growth cones. Also in the
unc-51 mutant background, we observed at a 5% frequency
the presence of a short ectopic projection emanating from
the M2 cell body and directed posteriorly. This shows that
the M2 cell body is capable of producing new projections
but that their formation is suppressed under normal circum-
stances.
In the unc-73 mutant background, we occasionally,
though rarely (1%), observed a misplacement of an M2
cell body into the metacorpus (Fig. 4). This suggests that
unc-73 plays a minor role in the morphogenesis of the
pharynx. Straight axons projecting posteriorly through the
isthmus and into the posterior bulb sometimes originated
from such misplaced M2 cell bodies. This observation was
somewhat surprising and taken as further evidence that
portions of the M2 trajectories are established via a special
mechanism since it is hard to imagine how growth cones
normally destined to find their path towards the metacorpus
would, when originating from the metacorpus itself, be
attracted towards the posterior bulb.
Two other axon outgrowth mutants that caused a visible
defect in the M2 distal ends are unc- 76 and unc-115, albeit
with frequencies of only 12% and 10% respectively (Table
1). The unc-76 gene encodes a C. elegans homolog of the
mammalian FEZ1 and FEZ2 proteins, is expressed in all
body neurons throughout development and in adults, and is
involved in axon outgrowth in fascicles (Bloom and Hor-
vitz, 1997). The unc-115 gene encodes an abLIM/limatin-
like protein expressed in neurons (and some non-neuronal
cells) and is postulated to regulate the actin cytoskeleton of
growth cones via a villin headpiece domain (Lundqvist et
al., 1998).
The unc-5, unc-6, unc-40 pathway is critical for
dorsalward projection of the M2 distal ends within the
metacorpus
UNC-6, the C. elegans homolog of the vertebrate netrin,
is a laminin-like molecule that plays an important role in
guiding circumferential migration of C. elegans neurons
(Hedgecock et al., 1990; Ishii et al., 1992) (reviewed in
(Wadsworth, 2002)). Growth cones expressing UNC-40 (a
DCC homolog that is a receptor for UNC-6 (Chan et al.,
1996)) are attracted by a ventral source of UNC-6, while
growth cones expressing both UNC-40 and UNC-5 are
repelled (Colavita and Culotti, 1998; Hamelin et al., 1993;
Leung-Hagesteijn et al., 1992). In the metacorpus, M2 ax-
ons extend through the pharyngeal nerve ring then project
dorsally before reaching laterally towards the midline to
form a gap junction with the contralateral M2 neuron. We
tested whether the unc-5/unc-6/unc-40 circumferential guid-
ance pathway played a role in the very short dorsalward
trajectory of the M2 neuron within the metacorpus. We
found that a mutation in either unc-5 or unc-6 was sufficient
to disrupt the great majority of M2 neurons (70%), again
at their distal ends only (Fig. 4; Table 1). In these mutants,
the neurons most often failed to project dorsally and instead
were truncated or continued abnormally ipsilaterally in the
same focal plane as the straight proximal trajectory. These
results demonstrate an important role for the netrin guidance
pathway within the pharynx, where no obvious basal lamina
has been observed.
sax-3 prevents contralateral outgrowth of the M2 distal
ends independently of slt-1
sax-3 is the C. elegans homolog of the Drosophila gene
Robo, a transmembrane receptor protein that mediates
growth cone collapse when bound to its ligand slit (Hao et
al., 2001; Zallen et al., 1998). Ventral nerve cord axons in
sax-3 mutants often stray repeatedly across the ventral mid-
line, indicating an important function for sax-3 in establish-
ing a midline boundary. We have found that in the sax-3
mutant background, the M2 neurons have a high frequency
of distal end defects, with 19% of M2 neurons crossing the
midline to form contralateral outgrowths, consistent with a
role for sax-3 in defining a midline boundary within the
pharynx (Fig. 4; Table 1). Consistent with our previous
observations, we have never observed defects in the proxi-
mal trajectory of the M2 axons in sax-3 mutants.
Also in the sax-3 mutant background, we observed that
7% of M2 neurons had their cell bodies misplaced into the
metacorpus, suggesting that sax-3 also plays an important
role in pharyngeal morphogenesis per se. As was the case in
the rare M2 cell bodies misplaced in the unc-73 mutant
background, we found that posterior-directed projections
often extended straight from the misplaced M2 cell body
through the isthmus and into the posterior bulb.
The slt-1 mutant exhibited rare ipsilateral outgrowth and
truncated distal ends, but no contralateral outgrowths of the
distal ends (Table 1). The phenotypes of the slt-1 and sax-3
mutants are qualitatively different, indicating that they do
Fig. 3. pRIC-19::GFP expression in the pharynx of three-fold embryos and L1 larvae. Panels A, C and E are Nomarki views of panels B, D and F,
respectively. Panel B shows the first cell expressing pRIC-19::GFP at approximately 450 minutes of development (two-fold stage). Panels D and F show
pRIC-19::GFP expression in the M2 neurons (white arrowhead), the M1 neuron (black arrowheads) and the unidentified cell located within the metacorpus
(white arrow). Scale bar: 10m.
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not act exclusively through each other in regulating the M2
trajectories.
Ephrins, plexins and semaphorins play minor roles in the
establishment of the M2 trajectories
In vertebrates and Drosophila, the semaphorins are guid-
ance molecules that regulate morphogenesis and growth
cones primarily via the plexin and neuropilin receptor mol-
ecules. Three semaphorins are found in the C. elegans
genome (mab-20, smp-1 and smp- 2), and mutants have
been generated for all three. The most severe phenotypes
exhibited by these mutants relate to defects in epidermal
morphogenesis, although axon trajectory defects are also
observed (Ginzburg et al., 2002; Roy et al., 2000). Simi-
larly, deletion mutants for the two C. elegans plexin ho-
mologs (plx-1 and plx-2) have been isolated (Joe Culotti,
personal communication). There is no obvious neuropilin
homolog in C. elegans. Our study indicates that neither the
plexins nor the semaphorins play important roles in M2
axon guidance since the M2 neurons generally had normal
trajectories in these mutants (Table 1).
Another family of axon guidance molecules conserved
between vertebrates and invertebrates is the ephrins, and
their receptors, the Eph receptors. However, in C. elegans
the ephrins have their major role in epidermal morphogen-
esis and do not seem to directly participate in axon guidance
(Chin-Sang et al., 1999; Chin-Sang et al., 2002; Wang et al.,
1999). We have studied two ephrins (efn-2 and efn-3) as
well as the sole C. elegans ephrin receptor, vab-1, for their
effects on M2 guidance. Our results indicate that the ephrins
play only a minor role in preventing ipsilateral outgrowth of
the M2 neurons (Table 1). Thus, the vab-1 mutant exhibited
low penetrance ispilateral outgrowth (6%), while the efn-2
efn-3 double mutant had 5% ipsilateral outgrowth.
unc-119 prevents formation of ectopic supernumerary
projections
Motor neuron axons in the body of the worm are
branched in unc-119 mutants, and this phenotype is accen-
tuated with age (Knobel et al., 2001). These observations
indicate that the UNC-119 protein acts to suppress forma-
tion of new axonal projections not only during development
but also in mature animals with a completed neuronal de-
velopment. We have examined the impact of the unc-119
mutation on the M2 neurons and found that they too depend
on the UNC-119 protein to prevent supernumerary ectopic
axonal outgrowth (Fig.4; Table 2). Specifically, we found
that older animals frequently exhibited branching within the
isthmus, ipsilateral outgrowths at the distal ends, and ec-
topic outgrowths from the cells body and projecting poste-
riorly within the posterior bulb. The extra branchings within
the isthmus often followed the existing main M2 projection,
but sometimes separated from it and wandered freely within
the isthmus for short distances. This indicates that growth
cones per se are able to travel relatively unhindered within
the isthmus, at least in adult worms. In unc-119 mutant L4s
and young adults, the M2 defects were much less pro-
nounced, thus confirming the age-related effects of unc-119.
Active synapses are not required for the formation or
maintenance of normal M2 trajectories
The morphology and maintenance of some axons is ac-
tivity-dependent in C. elegans (Peckol et al., 1999; Zhao
and Nonet, 2000). This does not seem to be the case for the
pharyngeal M2 neurons since these had normal trajectories
in the following three neurotransmission-defective mutants:
dpy-23 (Shim and Lee, 2000), unc-101 (Lee et al., 1994)
and unc-104 (Hall and Hedgecock, 1991) (Table 1). unc-46
mutants, in which GABA release is impaired, also had no
defect in their M2 trajectories, which is no surprise since the
M2 neurons are most likely cholinergic motor neurons. In
spite of these results, it must be noted that none of the
mutant tested completely abolish neurotransmission, which
would be lethal. Thus, it is still possible that some minimal
neurotransmission capacity in the M2 neurons is needed for
the normal axon trajectory to be established and maintained,
and that this minimum requirement is met by residual neu-
rotransmission in the unc-104, dpy-23 and unc-101 alleles
that we have studied.
M2 trajectories in pharyngeal abnormal and other
mutants
We have examined the M2 trajectories in the pha-2,
pha-3 and phm-3 mutants (Fig. 5). These mutants were
previously isolated by Leon Avery in a screen for worms
with abnormal pharynxes and their molecular basis is un-
known (Avery, 1993a). In phm-2 the grinder is constantly
kept in an open position; the M2 neurons followed perfectly
normal trajectories in this mutant. In pha-3, the isthmus
narrows towards the anterior such that it is somewhat cone-
shaped; the M2 neurons again followed normal trajectories
in this mutant, except that they followed the straight anterior
Fig. 4. M2 trajectories observed in representative growth cone and axon guidance mutants. The left-hand side panels show the GFP expression pattern in adult
transgenic animals harboring the etls2 integrated array and in the indicated genetic background. The right-hand side panels show diagrams of the complete
M2 trajectories in the animals shown on the left, as established by examining manually the necessary focal planes. In sax-3, the white arrow points to the
distal end of a contralateral M2 axon. In unc-73, the horizontal white arrows indicate truncated M2 distal ends, the vertical white arrow indicates a M2 cell
body located in the metacorpus, and the black arrow indicates the distal end of an M2 axon within the posterior bulb. In unc-51, the white arrow indicates
a truncated M2 distal end.
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narrowing of the isthmus. Finally, the pharyngeal cellular
anatomy of pha-2 worms is grossly abnormal: many nuclei
normally located in the posterior bulb or metacorpus are
misplaced into the isthmus, and this must entail many ab-
normalities in cell shapes. The M2 neurons were greatly
affected in this mutant background. The M2 cell bodies
were located in the isthmus and were often elongated and
malformed. The M2 axons followed aberrant trajectories
although they usually did project anteriorly towards the
metacorpus and often succeeded to establish two parallel
connections with each other, as if each M2 neuron sepa-
rately reached for its contralateral partner. In all likelihood,
the abnormalities of the M2 neurons are secondary to a
more general morphogenesis defect in the pha-2 mutant.
The M2 trajectories were also examined in daf-9, unc-60,
unc-61 and unc-62 mutant backgrounds. daf-9 encodes a
cytochrome P450 and mutants constitutively form dauer-
like larvae and have defects in distal tip cell migrations (Jia
et al., 2002). unc-60 encodes a ADF/Cofilin family protein
important for the assembly of actin into myofibrils in C.
elegans body muscles (Ono et al., 1999; Ono and Benian,
1998). unc-62 is a homeobox gene of the TALE superclass
and mutants exhibit variable abnormalities in body axon
trajectories (Siddiqui, 1990; Van Auken et al., 2002). Mu-
tants in daf-9, unc-60 or unc-62 exhibited no defect in M2
trajectories. The unc-61 gene encodes one of the two septin
homologs in C. elegans and the unc-61 mutant exhibits a
variety of post-embryonic morphogenetic defects, including
malformation of the sensory neurons (Nguyen et al., 2000).
We found that in unc- 61 mutants 6% of the M2 distal ends
are defective. Furthermore, we discovered that the pharynx
of the unc-61 mutant worms is slightly twisted, such that the
M2 neurons appear as a “double helix”.
Screen for M neuron morphology abnormal (mnm)
mutants
Because the M2 neurons establish their trajectories
within a muscular organ that develops via morphogenesis of
a primordium, and because the proximal trajectory of the
M2 axons seems to be established in a growth cone-inde-
pendent manner, we are interested in isolating novel mu-
tants with M2 morphology defects. In a screen of 2 500
mutagenized haploid genomes, we isolated six mutants, of
which five seem to affect novel axon guidance/morphogen-
esis (Fig. 6; Table 1). The mutants were outcrossed at least
Fig. 5. Pharynx morphology and M2 trajectories in three pharyngeal
morphology mutants. Each group of three panels shows, from to bottom, a
Normarski image, a GFP image and a cartoon rendition of an animal with
genotype as indicated at the top of each group. In the Normaski images,
note the opened position of the grinder in the phm-3 mutant, the anterior
narrowing of the isthmus in the pha-3 mutant, and the thickened isthmus in
the pha-2 mutant. The GFP images show normal trajectories of the M2
neurons in phm-3 and pha-3 (in which the M2 trajectory adapted to the
narrowed isthmus), but compressed and variably deformed trajectories in
the pha-2 mutants.
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Table 1
Summary of M2 trajectories in various genetic backgrounds. All studied strains carried the etls2 integrated array to permit scoring of the M2 trajectories
wild-type truncated
distal end
ipsilateral
outgrowth
contralateral
outgrowth
M2 cell body
misplaced
posterior
outgrowth
others* n
Wild-type N2 100% 360
Positional cue and cue interpretation mutants
efn2(ev658);
3(ev696) 93% 2% 5% 217
fax-1(gm83) 98% 2% 124
mab-20(bx24) 97% 2% 2% 246
plx-1(ev724) 99% 1% 191
plx-2(ev773) 98% 1% 1% 212
smp-2(ev709) 100% 193
1(ev715)
efn2(ev658); 100% 250
slt-1(eh15) 93% 1% 4% 2% 212
unc-6(ev400) 18% 41% 41% 1% 1% 132
unc-5(e53) 28% 27% 43% 1% 1% 138
unc-40(e271) 74% 11% 15% 1% 212
unc-69(e587) 75% 9% 10% 204
unc-129(ev55 95% 2% 3% 233
sax-3(ky123) 64% 1% 11% 19% 7% 132
vab-1(dx31) 93% 6% 214
Growth cone-defective mutants
unc-41(e268) 98% 2% 135
unc-51(e369) 76% 18% 2% 1% 4% 201
unc-73(3936) 67% 7% 26% 141
unc-76(e911) 90% 6% 3% 236
unc-115(e222) 88% 9% 3% 1% 169
unc-119(e2498)
L4 30% 51% 17% 202
L4  24 hrs 13% 78% 54% 200
L4  72 hrs 0% 86% 84% 28% 200
Synapse function mutants
dpy-23(e840) 100% 100
unc-46(e177) 99% 1% 232
unc-101(m1) 100% 100
unc-104(m101 100% 100% 100
Pharyngeal morphology mutants
pha-2(ad472) 0% 100% 100
pha-3(ad607) 100% 100
phm-2(ad597) 100% 100
Other mutants
daf-9(rh50) 100% 144
unc-61(e228) 93% 3% 3% 100% 161
unc-60(e723) 100% 150
unc-62(e644) 100% 150
Mutants from M2 defect screen
unc-51(et6) 55% 25% 2% 5% 12% 182
mnm-1(et1) 12% 52% 36% 1% 160
mnm-2(et2) 15% 26% 55% 4% 170
mnm-3(et3) 69% 14% 17% 162
mnm-4(et4) 100% 100% 150
mnm-5(et5) 90% 10% 264
Note. *Others: fax-1 (gm83) had 2% of M2 axons running alongside each other as if they had fasciculated. mab-20 (bx24) had 2% of M2 axons exhibiting
one extra small branch within the isthmus or metacorpus. slt-1(eh15) had 2% of M2 neurons exhibiting a secondary branch within the isthmus. unc-51 (e369)
had 4% of the M2 axons containing bright GFP bulges within the distal trajectories of otherwise normal axons. unc-51 (et1) had 12% of the M2 axons
containing a bright GFP bulge within the distal trajectories of otherwise normal axons. unc-119 worms aged 72 h post L4 exhibited ectopic extra branchings
of the axons in the isthmus in 28% of the M2 neurons. unc-104 (rh1016) had normal M2 trajectories but the axons were deficient in visible varicosities that
correspond to neuromuscular junctions (see Fig. 2). In pha-2 (ad472) worms, the M2 nuclei were mislocalized to the posterior part of the isthmus and the
M2 trajectories were severely abnormal, which was probably due to the abnormal positioning of cell bodies and abnormal cell shapes in this mutant. mnm-4
(et4) has 100% of adult worms with twisted pharynx so that the M2 neurons appear as a double helix. unc-61 (e228) also has a slightly twisted pharynx.
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five times and scored for M2 defects and other phenotypes.
In particular, we found that only one of the isolated mutants
had severe uncoordinated phenotype; the other mutants
were indistinguishable from healthy roller worms (except
for a mild egg-laying defect in the mutant mnm-1). All
mutants, except the uncoordinated one, had growth rates
similar to control worms. An integrated pmec-7::GFP array,
which supports GFP expression in the 6 mechanosensory
neurons, was also introduced by crossing into our newly
isolated mutant to assess whether they exhibit general axon
guidance defects. The mechanosensory neurons were scored
in at least 100 animals for each mutant for the presence of
the following abnormalities: varicosities in the axons, mul-
tiple axons, abnormal branching, failure to migrate ventraly
(for the AVM and PVM neurons), or premature termination.
Only the uncoordinated mutant exhibited defects in the
touch neurons, notably a high frequency of abnormal axon
branchings and abnormal trajectories. This mutant was
tightly linked to rol-9 and failed to complement the unc-51
(e268) mutation, indicating that it is an allele of unc-51.
Based on our mapping data (see below), all other mutants
seem to affect genes not previously known to regulate axon
guidance, and define a new gene class termed mnm (M
neurons morphology abnormal).
Two mutants (mnm-1 and mnm-2) exhibited very high
penetrance defects in the distal ends of the M2 neurons
(80%; Fig. 6 & Table 1), as well as occasional misplace-
ment of the M2 cell bodies. mnm-3 also exhibited defects at
the distal ends of the M2 axons, but at a penetrance of only
30% (Fig. 6 & Table 1). One mutant (mnm-4) exhibited a
twisting of the pharynx in 100% of the animals such that the
two M2 neurons seemed to form a double helix (Fig. 6).
This mutant was semi-dominant: mnm-4 heterozygotes al-
ways displayed a slightly twisted pharynx that was clearly
less pronounced than in the homozygous. Finally, the
mnm-5 mutant exhibited misplacement of the M2 cell bod-
ies into the metacorpus with a frequency of 12%. Projec-
tions reaching posteriorly into the posterior bulb were fre-
quently observed to originate from 30% of these
misplaced M2 cell bodies (Fig. 6), while the remainder
produced a short branch that wandered within the metacor-
pus (similar to that shown in Fig. 4 for sax-3). No mutant
has so far been isolated with defects in the proximal M2
trajectory.
We have begun mapping of the newly isolated mutants
by determining linkage to genetic markers (Table 2 and Fig.
7). Our results indicate that mnm-1 lies in the center of
linkage group III (LG III) and in close proximity to the array
etIs2, which expresses pRIC-19::GFP in the M2 neurons
and was used in the present screen. Indeed we have so far
been unable to separate mnm-1 from the etIs2 array, such
that the genetic location of mnm-1 is based on the mapping
of the etIs2 integrated array. mnm-2 lies at approximately
2.8 on LG X. mnm-3 and mnm-4 are located on LG V, at
the approximate positions of 4.6 and 2.0 respectively, and
represent two distinct complementation groups. mnm-5 is
located on LG III, at approximately 1.4. Since no known
gene affecting axon trajectory lies near any of the new mnm
mutants (with the exception of mig-8 and unc-6 which are
near to mnm-2 but are complemented by that gene), it is
likely that these mutations affect novel genes or known
genes for which a role in axon guidance has not yet been
established.
Discussion
The proximal M2 trajectory may be established via a
growth cone-independent mechanism
Our analysis of the impact of known axon guidance
mutations on the trajectory of the M2 pharyngeal neurons
has revealed that only the distal ends of the M2 neurons are
sensitive to mutations affecting growth cone functions. In
particular, the unc-51 and unc-73 mutant backgrounds
caused severe defects in the distal ends of the M2 axons,
including abnormal trajectories and abnormal bead-like
structures within the axon’s distal end. Such defects were
never observed within the straight proximal trajectory, sug-
gesting that this portion of the M2 axon is established by a
growth cone-independent mechanism.
One possible growth-cone independent mechanism to
establish axon trajectories is for an axon that has already
reached its target to lengthen and adapt its trajectory in
keeping with the developing structure within which it is
located. A clear example of this is found in the Drosophila
leg imaginal disc where at least four neurons with cell
bodies located in the center of the disc produce axons that
join a larval nerve and then connect with the central nervous
system (Jan et al., 1985). As the imaginal disc evaginates
during morphogenesis, the cell bodies move with the future
tip of the leg whereas their axons simply elongate. In
Table 2
Summary of three-point mapping data
Mapped gene Three-point data
mnm-1/etls2a dpy-17 (41/41) etls2 (0/41) unc-32
unc-32 (0/24) etls2 (24/24) dyp-18
dpy-17 (60/62) etls2 (2/62) unc-69
mnm-2 lon-2 (10/26) mnm-2 (16/26) egl-15
lon-2 (31/39) mnm-2 (8/39) dpy-7
lon-2 (33/40) mnm-2 (7/40) unc-6
mnm-3 dpy-11 (20/26) mnm-3 (6/26) unc-39
mnm-4 unc-62 (23/42) mnm-4 (19/42) lon-3
unc-62 (14/46) mnm-4 (32/46) dpy-11
mnm-5 dpy-17 (7/40) mnm-5 (33/40) unc-69
dpy-17 (17/40) mnm-5 (23/40) unc-32
unc-32 (0/36) mnm-5 (36/36) dpy-18
Note. mnm-1 has been inseparable from etls2, and these genetic elements
are therefore regarded as tightly linked. mnm genes were mapped in a
genetic background containing an integrated array carrying pRIC-19::GFP
and scored by directly visualizing the morphology of the M2 neurons.
a mnm-1 and etls2 have so far been inseparable.
170 C. Mo¨rck et al. / Developmental Biology 260 (2003) 158–175
Fig. 6. M2 trajectories observed in newly isolated mutants. The left-hand side panels show the GFP expression pattern in adult transgenic animals harboring
the etls2 integrated array and in the indicated genetic background. The right-hand side panels show diagrams of the complete M2 trajectories in the animals
shown on the left, as established by examining manually the necessary focal planes.) A Normarski image is provided for the mnm-4 mutant in order to
illustrate the twisting of the pharynx.
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worms, a similar example is found at around 400 minutes of
embryonic development when the immature sensilla neu-
rons move towards the tip of the head to form the rudiments
of the sensilla (Sulston et al., 1983). These sensory neurons
then move posteriorly again, and in doing so lay down the
dendritic process.
The M2 neurons of C. elegans seem to take advantage of
the fact that the pharynx develops via the morphogenesis of a
primordium to establish what we have called the proximal M2
trajectory, i.e. the straight trajectory between the cell body and
the metacorpus. One hypothesis is that the M2 neurons of the
early pharyngeal primordium form physical connections with
neighboring cells, such as with their sister cells M3, that are
ultimately located within the metacorpus, and that these con-
nections elongate to form the proximal M2 axon trajectories as
the primordium undergoes morphogenesis (Fig. 8). It is a
long-standing observation that mechanical tension exerted on
neuronal cells can induce formation of a projection that can
elongate rapidly as the tension is maintained, “as a fishing line
from a reel” (Bray, 1984; Zheng et al., 1991). Such mechani-
cally induced axon formation and elongation can take place
even when growth cone function is impaired (Lamoureux et
al., 1997). This leads us to formulate the following model by
which the M2 neurons may establish their proximal trajectory:
as M2 is pulled away from a cell with which it formed a
contact in the primordium, possibly via cell adhesion mole-
cules, the mechanical tension induces an axonal outgrowth
from M2 and this outgrowth lengthens as the morphogenetic
process leads M2 to settle in the metacorpus. At a later time
point, a growth cone at the distal end of the M2 projection
emerges and interprets local guidance cues to establish the
mature distal end trajectory within the metacorpus.
An alternative model by which the straight proximal M2
trajectory may be established without a growth cone is that
of a cellular projection mechanically constrained to elongate
in a straight line within the isthmus. This model would
require that the outgrowth originates from the M2 cell body
so as to point anteriorly, that its growth be confined phys-
ically within the muscle cell folds of the isthmus, and that a
growth cone-dependent guidance process be activated be-
yond the pharyngeal nerve ring, inside the metacorpus. This
perhaps is a simpler model by which to explain how the
subventral pharyngeal nerve cords are established: the mus-
cle cell folds may provide a mechanical groove constraining
Fig. 7. Summary of mnm mutant mapping results. Map positions are indicated to the left of each linkage group, and some visible genetic markers are indicated
at the right of each linkage group. A red line indicates the approximate location of the mnm mutants. Only the region of interest is shown for the relevant
linkage groups.
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and organizing the trajectories of the several cellular pro-
cesses that contribute to each nerve cord.
Establishment of the M2 distal ends depends on several
known axon guidance pathways
Our results show that genetic backgrounds with growth
cone defects often exhibit abnormal distal end trajectories of
the M2 neurons. For example, mutations in the genes unc-6,
unc-51, unc-73 and sax-3 caused defects in the M2 axon
distal ends, often resulting in abnormal ipsilateral wander-
ings or truncated distal ends and, in the case of sax-3,
frequent contralateral outgrowths. Most mutants exhibited
only partial penetrance, suggesting that the guidance of the
M2 distal ends is a robust process secured by the participa-
tion of several guidance mechanisms. The observation that
Fig. 8. Genetic and mechanistic basis for the establishment of the M2 trajectory. A) Model by which the M2 neurons proximal trajectory may be established.
In this model the M2 cell, shown in red, establishes a physical contact with a neighboring cell, shown in purple, within the pharyngeal primordium. During
pharyngeal morphogenesis, these two cells separate from each other, with the M2 cell body eventually residing in the posterior bulb, while the contact cell
becomes part of the metacorpus. During the morphogenesis process, the M2 cell may remain attached to the contact cell and thus elongates as the two cells
separate, establishing the proximal trajectory without the use of a growth cone. An alternative model is also discussed in the text. B) Overview of the various
genetic contributions to distinct portions of the M2 trajectory. As indicated, only the distal trajectory seems to rely on growth cones and guidance cues.
unc-119 is essential to prevent the formation of ectopic projections from all parts of the M2 neuron.
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unc-6 contributes to the guidance of the M2 neurons is
particularly interesting because unc-6 is secreted primarily
by cells of the ventral body wall and is thought to provide
a positional cue via formation of a concentration gradient
within the collagenous basal lamina along which body neu-
rons grow (Ishii et al., 1992; Wadsworth et al., 1996). It is
not known whether the UNC-6 protein itself provides a
guidance cue for the M2 neurons, or whether UNC-6 indi-
rectly guides the M2 neurons, possibly by inducing the
formation of secondary positional cues in other pharyngeal
cells. Interestingly, the pharyngeal interneuron I5 expresses
UNC-6 from late embryonic gastrulation up to the 3-fold
stage, a time period where it would likely affect the trajec-
tory of M2 neurons (Wadsworth et al., 1996). The I5 neuron
has its cell body in the posterior bulb and possesses two
subventral proximal straight trajectories that run parallel to
the proximal M2 trajectories and extend from the posterior
bulb, through the isthmus and into the metacorpus where
they form a complete ring as part of the pharyngeal nerve
ring (Albertson and Thomson, 1976). The spatial relation-
ships of I5 and M2 are such that, if a growth cone express-
ing UNC-5 and UNC-40 sprouts from the anterior-most end
of the straight proximal trajectory, it will be repelled ante-
riorly and dorsally by the UNC-6 expressing I5 neuron, as
indeed is the case for the distal end of the mature M2 axons.
The M2 distal ends utilize many different axon guidance
pathways for their proper establishment (summarized in
Fig. 8). Given that there are so many pharyngeal neurons
contributing axons to the metacorpus, each establishing a
unique particular trajectory, it seems plausible that the use
of different responses to the many available guidance cues
would allow each neuron to establish its distinct trajectory
within the small confined space.
Table 1 shows that several mutants (unc-5, unc-6, sax-3,
unc-51, mnm-1 and mnm-2) that affect the distal ends of the
M2 neurons occasionally produced misplaced M2 cell bod-
ies. This observation indicates that many genes that regulate
growth cone migration in the C. elegans pharynx also drive
the morphogenetic process, including the positioning of
pharyngeal cell bodies.
Screen for M2 neuron morphology abnormal mutants:
results and promises
By screening 2 500 mutagenized haploid genomes, we
have isolated six mutants affecting the morphology of the M2
pharyngeal neurons. Three of the isolated mutants (mnm-1,
mnm-2 and mnm-3) likely encode novel genes involved in the
formation of the M2 distal ends. A larger screen would likely
yield many more genes involved in this process. Perhaps an
important aspect contributing to the productivity of our screen
lies in the fact that the M2 neurons play no obvious role
detectable in the laboratory. This particularity makes it un-
likely that mutations affecting the M2 neurons would have
been detected in previous screens focused on isolating mutants
with such obvious phenotypes as uncoordination.
The twisted pharynx of the mnm-4 mutant is similar to
that of the dig-1 and mig-4 mutants, which were isolated in
screens for hermaphrodite gonad trajectory defects (Hedge-
cock et al., 1987; Thomas et al., 1990). It has recently been
reported that these mutants encode adhesion molecules,
which likely help secure the pharynx to the worm’s body
wall. Thus, the twisted pharynx phenotype may provide a
useful tool to discover adhesion molecules that participate
in anchoring organs to extracellular matrix. Because we can
readily detect twisted pharynxes using the pRIC-19::GFP
reporter (see Fig. 6), it should be relatively easy to gather a
collection of such mutants defective in tissue adhesion.
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